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Emission channeling Emission channeling vsvs ion beam channelingion beam channeling
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If you want to know...
• sample stoichiometry
• multilayer thicknesses
• impurity depth profiles
⇒ use of Rutherford 

Backscattering (RBS)

Matrix

Impurity If you need...
• profile of lattice 
defects
• impurity lattice site
• impurity rms 

displacements
in single crystals

...then you can use ion beam 
channeling with RBS, PIXE or NRA
but:
requires impurity doses 
above ~1014 cm−2 . 

ion beam channeling

If you ask for...
lattice location at low fluences (1012-1014 cm−2) 
⇒ use radioactive impurities: emission channeling 
• ~ 4 orders of magnitude higher efficiency than RBS
• independent of mass of impurity
• no damage from probing beam



Emission channeling lattice location of radioisotopesEmission channeling lattice location of radioisotopes



Characteristic differences between electron Characteristic differences between electron 
and alpha (or positron) emission channelingand alpha (or positron) emission channeling



Computational approaches to simulate Computational approaches to simulate 
emission emission channelingchanneling

•• Alpha emission Alpha emission channelingchanneling::
theoretical description identical to ion beam theoretical description identical to ion beam channelingchanneling
i.e. i.e. is best done by is best done by Monte Carlo methodsMonte Carlo methods (calculating many ion (calculating many ion 
trajectories)trajectories).. The The ““method of choicemethod of choice”” but unfortunately not many but unfortunately not many 
αα emitting isotopes exist.emitting isotopes exist.

•• Positron emission Positron emission channelingchanneling::
theoretical description exists (either Monte Carlo or quantumtheoretical description exists (either Monte Carlo or quantum--
mechanical) but not wellmechanical) but not well--adapted to experimentsadapted to experiments.. Number of Number of 
positron emitters much smaller than electron emitters.positron emitters much smaller than electron emitters.

•• Electron (Electron (ββ−− and CE) emission and CE) emission channelingchanneling::
wellwell--developed method, accounts for the majority of developed method, accounts for the majority of 
experimentsexperiments. Theoretical description by means of . Theoretical description by means of ““manybeammanybeam””
formalismformalism = quantum= quantum--mechanical approach, solution of mechanical approach, solution of 
SchrSchröödinger equation in a periodic potential.dinger equation in a periodic potential.



Emission channeling historyEmission channeling history
The first lattice location experiment by means of charged particThe first lattice location experiment by means of charged particles, done at les, done at 
Royal Institute of Technology, Stockholm,Royal Institute of Technology, Stockholm,
B. B. DomeijDomeij and K. and K. BjBjøørkvistrkvist: : ““Anisotropic emission of Anisotropic emission of αα--particles from a particles from a 
monocrystallinemonocrystalline sourcesource””, Physics Letters 14 (1965) 127, Physics Letters 14 (1965) 127--128. 128. 

Emission channeling lattice location is in fact older than RBS cEmission channeling lattice location is in fact older than RBS channeling!hanneling!

AngleAngle--dependent dependent αα emission rate from emission rate from 222222Rn implanted into W Rn implanted into W 

<111> axial channeling planar channeling

⇒⇒ implanted Rn occupies substitutional W sitesimplanted Rn occupies substitutional W sites
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Emission channeling publication historyEmission channeling publication history

Experiments with radioactive isotopes (produced and implanted Experiments with radioactive isotopes (produced and implanted 
mostly at ISOLDE/CERN) account for the majority of emission mostly at ISOLDE/CERN) account for the majority of emission 
channeling experimentschanneling experiments
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 radioactive isotopes:  159
 neutron-induced:            9
 muon or pion decay:    30



Important criteria for suitable isotopes:
• half life of decay • energy of emitted particles • availability as ion beam 
• possible superposition from decay chains • radiation protection issues

β−, β+, CE or αα
emitting isotopes
exist for most 
elements of 
the periodic system

⇒ many 
experimental
possibilities 

Elements for which emission channeling Elements for which emission channeling 
experiments have been reportedexperiments have been reported

π+

µ+
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D = 285 mm

radioactive spot
s = 1mm ⇒ σs=0.29 mm PC

Angular range θ = ± 3°
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=ψAngular width ≈ = 0.9° for 150 keV e− in Si <100>

Angular resolution ∆θ
depends on both size of 
radioactive spot σs and 
detector resolution σp :

For a detector of size l the 
distance sample-detector D
regulates both the angular range θ
and the angular resolution ∆θ

l = 28.6 mm
pad size p = 1.3 mm 
⇒ σp=0.38 mm

= 0.1°

Experimental details Experimental details -- geometrygeometry



Examples for position sensitive Si detectorsExamples for position sensitive Si detectors

• prototype detectors (CERN)
• selftriggering pre-amplifier chips
• maximum count rate: ~3 kHz range
• energy resolution: photons ~1.2 keV 

electrons ~3 keV 

water & Peltier cooling (−30°C)

2828××28 mm28 mm22 2222××22 pixel 22 pixel 
Si pad detector for electronsSi pad detector for electrons

2525××25 mm25 mm22 resistive resistive 
charge division SiTeK detector charge division SiTeK detector 

for for αα particlesparticles

• commercially available
• readout via conventional NIM 
modules + multiparameter ADCs
• maximum count rate: ~5-10 kHz 
range
• energy resolution: ~ 20-50 keV



ITN onITN on--line emission channeling setup: side viewline emission channeling setup: side view

• ISOLDE beam is collimated by 2 apertures (1st variable size, 2nd ∅ 1 mm) on the sample
• sample mounted in 2- or 3-axis goniometer

beam

sample

collimators



ITN onITN on--line emission channeling setup: top viewline emission channeling setup: top view

• detector at 17° backward geometry for simultaneous implantation and measurement
• valve in front of detector allows to maintain detector vacuum during sample exchange
• lead shielding around 1st collimator lowers background

beam
sample

cooled position-
sensitive Si pad 

detector

17°

lead 
shielding



New ITN onNew ITN on--line emission channeling setupline emission channeling setup
ISOLDE beam

Inside view during 900°C 
sample annealing

~1 m



Examples for experimental resultsExamples for experimental results

αα emission channeling: emission channeling: 
lattice location of lattice location of 88Li in semiconductorsLi in semiconductors

(diffusion processes of Li in semiconductors, Li(diffusion processes of Li in semiconductors, Li--defect interactions) defect interactions) 

ββ−− emission channeling: emission channeling: 
lattice location of lattice location of 2424Na in ZnONa in ZnO

(interstitial Na(interstitial Naii donors donors vsvs substitutional Nasubstitutional NaZnZn acceptors)acceptors)

ββ−− and CE emission channeling: and CE emission channeling: 
lattice location of rare earths (REs) in GaNlattice location of rare earths (REs) in GaN

(REs as optical or magnetic dopants)(REs as optical or magnetic dopants)



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

Low implantation temperature: Li is interstitial and immobileLow implantation temperature: Li is interstitial and immobile

What is the fate of implanted Li in IIIWhat is the fate of implanted Li in III--V semiconductors?V semiconductors?

negativelynegatively
charged charged 
IIIIII--vacancies vacancies 
(created(created
by the Li by the Li 
implantation)implantation)



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

Increasing implantation temperature: interstitial Li starts to dIncreasing implantation temperature: interstitial Li starts to diffuseiffuse



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

Increasing implantation temperature: interstitial Li starts to dIncreasing implantation temperature: interstitial Li starts to diffuseiffuse



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

Increasing implantation temperature: interstitial Li starts to dIncreasing implantation temperature: interstitial Li starts to diffuseiffuse



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

Increasing implantation temperature: interstitial Li starts to dIncreasing implantation temperature: interstitial Li starts to diffuseiffuse



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

Increasing implantation temperature: interstitial Li starts to dIncreasing implantation temperature: interstitial Li starts to diffuseiffuse



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

Increasing implantation temperature: interstitial Li starts to dIncreasing implantation temperature: interstitial Li starts to diffuseiffuse



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

Increasing implantation temperature: interstitial Li starts to dIncreasing implantation temperature: interstitial Li starts to diffuseiffuse



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

Having passed the Coulomb capture radius Having passed the Coulomb capture radius RR, Li, Li++ is attracted is attracted 
towards the negatively charged IIItowards the negatively charged III--vacancyvacancy



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

Having passed the Coulomb capture radius Having passed the Coulomb capture radius RR, Li, Li++ is attracted is attracted 
towards the negatively charged IIItowards the negatively charged III--vacancyvacancy



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

Having passed the Coulomb capture radius Having passed the Coulomb capture radius RR, Li, Li++ is attracted is attracted 
towards the negatively charged IIItowards the negatively charged III--vacancyvacancy



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

LiLi++ finally combines with the IIIfinally combines with the III--vacancy, thus becoming substitutionalvacancy, thus becoming substitutional



Lattice site changes of implanted Lattice site changes of implanted Li Li in IIIin III--V semiconductorsV semiconductors

At much higher temperatures, LiAt much higher temperatures, Li++ which was substitutional may leave which was substitutional may leave 
this site again, leaving behind a IIIthis site again, leaving behind a III--vacancyvacancy



88Li (838 ms)Li (838 ms)→→ββ−−22αα decay fordecay for αα emission channeling emission channeling 

αα particles from particles from 88Li Li ββ--delayed delayed αα decay make it a very efficient emission decay make it a very efficient emission 
channeling probe nucleuschanneling probe nucleus

αα spectrumspectrum

ββ
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nd 8Be* recoil:
energy <12keV
distance < 1 fm
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αα emission channeling: lattice site changes of emission channeling: lattice site changes of 88Li (838 ms)Li (838 ms)→→ββ−−22αα in GaAsin GaAs

Site change of majority of Li from tetrahedral interstitial to sSite change of majority of Li from tetrahedral interstitial to substitutional Ga ubstitutional Ga 
sites clearly visible from the <211> patternssites clearly visible from the <211> patterns
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Emission channeling lattice site changes of Emission channeling lattice site changes of 88LiLi (838 ms)(838 ms) in InSb (1)in InSb (1)

U. Wahl, Physics Reports 280 (1997) 145U. Wahl, Physics Reports 280 (1997) 145

In InSb the site change of In InSb the site change of 88Li from tetrahedral interstitial to Li from tetrahedral interstitial to 
substitutional In occurs between 100substitutional In occurs between 100--200 K200 K
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Ze Ze = = −−1, 1, −− 2, 2, −− 33 charge of vacancy charge of vacancy 

RRCC Coulomb capture radiusCoulomb capture radius ≈≈ 4848--174 174 ÅÅ

ττ = 1208 ms radioactive lifetime of = 1208 ms radioactive lifetime of 88LiLi

<<rrii
33>> ≈≈ 61 61 ÅÅ mean cube distance of mean cube distance of 88LiLi++ and vacancy and vacancy 

(estimated from MARLOWE or TRIM simulations)(estimated from MARLOWE or TRIM simulations)

DD00 entropy constant, estimated fromentropy constant, estimated from

Emission channeling lattice site changes of Emission channeling lattice site changes of 88LiLi (838 ms)(838 ms) in InSb (2)in InSb (2)
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Migration energy Migration energy EEMM of interstitial Li can be estimated byof interstitial Li can be estimated by
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For InSb: For InSb: TT1/21/2 ≈≈ 150 K 150 K ⇒⇒ EEMM ≈≈ 0.310.31--0.35 eV0.35 eV

In comparison: activation energy from macroscopic diffusion In comparison: activation energy from macroscopic diffusion 
experiments experiments EEDD = 0.28 eV= 0.28 eV [Takabatake 1966][Takabatake 1966]

0NN

2

0 6
νNlD ≈

TT1/21/2

electric field drift modelelectric field drift model

U. Wahl, Physics Reports 280 (1997) 145U. Wahl, Physics Reports 280 (1997) 145



Emission channeling lattice site changes of Emission channeling lattice site changes of 88LiLi (838 ms)(838 ms) in InSb (3)in InSb (3)
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Temperature regime where Li leaves Temperature regime where Li leaves 
substitutional In sites and longsubstitutional In sites and long--range range 
diffusion sets indiffusion sets in

[ ]2lnln 02/1A τνkTE =

Activation energy Activation energy EEAA for for 
dissociation of substitutional dissociation of substitutional 
LiLiInIn can be estimated fromcan be estimated from

TT1/21/2

For For νν00 ≈≈ 10101313 ss−−11

⇒⇒ EEAA ≈≈ 1.11.1--1.2 eV1.2 eV
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0

1000

2000

3000

4000

5000

Shift of Shift of αα energy spectrum shows Li energy spectrum shows Li 
diffuses to the surface of the samplediffuses to the surface of the sample

U. Wahl, Physics Reports 280 (1997) 145U. Wahl, Physics Reports 280 (1997) 145



Li in semiconductors: Li in semiconductors: 
diffusion data from diffusion data from emission channelingemission channeling and and other methodsother methods

Emission channeling data has helped in clarifying the diffusion Emission channeling data has helped in clarifying the diffusion 
mechanisms of Li.mechanisms of Li.
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U. Wahl, Physics Reports 280 (1997) 145U. Wahl, Physics Reports 280 (1997) 145



Examples for experimental resultsExamples for experimental results

αα emission channeling: emission channeling: 
lattice location of lattice location of 88Li in semiconductorsLi in semiconductors

(diffusion processes of Li in semiconductors, Li(diffusion processes of Li in semiconductors, Li--defect interactions) defect interactions) 

ββ−− emission channeling: emission channeling: 
lattice location of lattice location of 2424Na in ZnONa in ZnO

(interstitial Na(interstitial Naii donors donors vsvs substitutional Nasubstitutional NaZnZn acceptors)acceptors)

ββ−− and CE emission channeling: and CE emission channeling: 
lattice location of rare earths (REs) in GaNlattice location of rare earths (REs) in GaN

(REs as optical or magnetic dopants)(REs as optical or magnetic dopants)



2020Na (448 ms)Na (448 ms)→→ECEC−−αα decay fordecay for αα emission channeling emission channeling 

2020Na is a very interesting Na is a very interesting αα emission channeling probe but experiments at ISOLDE emission channeling probe but experiments at ISOLDE 
were unsuccessful due to insufficient isotope yield were unsuccessful due to insufficient isotope yield ⇒⇒ used used 2424Na Na ββ−− insteadinstead

20Ne* EC recoil
distance < 0.0015 Å

αα decay decay 
branchingbranching

~20%~20%



Emission channeling from Emission channeling from 2424Na (14.9 h) Na (14.9 h) ββ−− in ZnOin ZnO

• as-implanted the majority of 24Na sits on interstitial H or Oi sites in ZnO 

• upon annealing at 200°C it changes to substitutional SZn sites
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Concept for timeConcept for time--dependent emission channeling using pulsed beamsdependent emission channeling using pulsed beams

Measuring time dependent channeling patterns from Measuring time dependent channeling patterns from 88Li or Li or 2020Na should allow to Na should allow to 
study in detail the kinetics of lattice site changes study in detail the kinetics of lattice site changes 
(requires pulsed beams and good statistics in all time windows)(requires pulsed beams and good statistics in all time windows)
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Examples for experimental resultsExamples for experimental results

αα emission channeling: emission channeling: 
lattice location of lattice location of 88Li in semiconductorsLi in semiconductors

(diffusion processes of Li in semiconductors, Li(diffusion processes of Li in semiconductors, Li--defect interactions) defect interactions) 

ββ−− emission channeling: emission channeling: 
lattice location of lattice location of 2424Na in ZnONa in ZnO

(interstitial Na(interstitial Naii donors donors vsvs substitutional Nasubstitutional NaZnZn acceptors)acceptors)

ββ−− and CE emission channeling: and CE emission channeling: 
lattice location of rare earths (REs) in GaNlattice location of rare earths (REs) in GaN

(REs as optical or magnetic dopants)(REs as optical or magnetic dopants)



Conversion Electron (CE) emission channeling Conversion Electron (CE) emission channeling 
170170LuLu→→170*170*Yb in Yb in GaNGaN

experiments

81% along Ga 
atom rows

u⊥[-1102] = 0.16 Å

76% along Ga 
atom rows

u⊥[-1101] = 0.14 Å

91% along Ga 
atom rows

u⊥[-2113] = 0.18 Å

72% along c-
axis atom rows
28% random

u⊥[0001] = 0.13 Å

simulations

TTAA=600=600°°CC



Rare earths in GaN:Rare earths in GaN:
fractions on substitutional Ga sitesfractions on substitutional Ga sites

0 200 400 600 800 1000
0.4

0.5

0.6

0.7

0.8

0.9

1.0

Annealing Temperature TA [°C]

Fr
ac

tio
n 

on
 S

G
a s

ite
s

 141Ce (beta)
 141Pr (CE)
 143Pr (beta)
 147Nd (beta)
 147Pm (CE)
 149Pm (beta)
 149Eu (CE)
 153Sm (beta)
 153Eu (CE)
 167Er (CE)
 167Er (CE) + O
 167Er (CE) + C
 170Yb (CE)

• large fractions of RE on SGa sites
• annealing hardly influences fractions
• actual differences between various REs possibly smaller 
(varying sample quality, electron scattering background etc.)

B. De Vries, PhD thesis KULeuven (2006)B. De Vries, PhD thesis KULeuven (2006)



Rare earths in GaN:Rare earths in GaN:
rms displacements from substitutional Ga sitesrms displacements from substitutional Ga sites
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• displacements larger than thermal vibration
• decrease after annealing
• the only visible effect of annealing in GaN at these low doses

u1(Ga)=0.074 Å

B. De Vries, PhD thesis KULeuven (2006)B. De Vries, PhD thesis KULeuven (2006)



• of those only 8Li was used at ISOLDE
• on-line emission channeling experiments require long beam times, 
well-focused beams, good yields and fast detection systems

ShortShort--lived lived αα emitters of interest for emitters of interest for 
emission channelingemission channeling

U. Wahl, Physics Reports 280 (1997) 145U. Wahl, Physics Reports 280 (1997) 145



Emission channeling is a sensitive technique that can Emission channeling is a sensitive technique that can 
give direct information on the lattice sites of impurities in give direct information on the lattice sites of impurities in 
single crystals with ~0.1 single crystals with ~0.1 ÅÅ precision (in precision (in favourablefavourable cases cases 
~0.01 ~0.01 ÅÅ).).

Emission channeling experiments significantly Emission channeling experiments significantly 
contributed to our knowledge on the lattice sites of contributed to our knowledge on the lattice sites of 
impurities in semiconductors, metals and oxides, in many impurities in semiconductors, metals and oxides, in many 
cases yielding results that could not have been obtained cases yielding results that could not have been obtained 
by other methods.by other methods.

A MYRRHAA MYRRHA--based ISOL facility offers opportunities for based ISOL facility offers opportunities for 
emission channeling experiments, particularly for emission channeling experiments, particularly for 88Li, Li, 
2020Na, and rare earth Na, and rare earth αα emitters.emitters.

ConclusionsConclusions
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